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Abstract
137Cs

is a radioactive trace metal (T1/2 = 30 y) that was dispersed globally by

nuclear weapons testing in the 1950s-1960s. Prevailing winds and precipitation systems
caused some areas far from the test sites to receive significant fallout, which is still easily
measured in soils, sediments and even some vegetation in the Eastern United States.
Recent work near Chernobyl and Fukushima indicates that trace levels of 137Cs can harm
insects, pollination services, and other ecological functions. In areas with low soil
potassium, 137Cs is cycled in vegetation; however, soil potassium alone doesn't
consistently predict the 137Cs content of plants. I hypothesize that local geology more
broadly influences the cycling of 137Cs by vegetation, which ultimately controls
potassium, clay mineralogy, and landscape factors such as slope and relief.
I collected foliage and soil samples from sites in Tennessee and Virginia to
examine geologic controls affecting 137Cs uptake in vegetation. My sites span
conglomerate, quartzite, dolostone, graywacke, sandstone, and unconsolidated Coastal
Plain sediments. Across this gradient of soil parent material, foliage concentrations of
137Cs

ranged from undetected (0.1 Bq/kg) to 58.9 Bq/kg. By comparing the ratio of 137Cs

in plants to soil, I found quartzite bedrock showed almost no 137Cs uptake, and sandstone
had the highest with a median of 40.9%. Plant available potassium plotted against
vegetation uptake percentage gives r2 = 0.44. This explains some of the differences in
vegetation 137Cs since there can be K in soils that is not accessible for plants to uptake.
Foliage at each site had widely varying 137Cs, indicating potential species-specific
variation in uptake. For example, the same West Virginia site on sandstone had a spruce
with 7.7 Bq/kg 137Cs and rhododendron with 54.9 Bq/kg 137Cs. This research will help us
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understand how geology affects 137Cs and trace metal cycling and thus predict which
plant or animal species could be at increased risk to radiation exposure.
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Introduction
137Cs

is a longer-lived product of nuclear fission (T1/2 = 30 y) that was dispersed

globally through nuclear weapons testing in the mid 20th century. Nuclear power plant
disasters and weapons testing have released significant 137Cs into the atmosphere, which
is now found almost everywhere in the environment since 137Cs easily moves through air,
dissolves in water, binds to soil and organic matter, and can be taken up by vegetation
(Wang et al., 2019; EPA, 2014). 137Cs emits ionizing radiation in the form of gamma and
beta rays, which is harmful to ecosystems even in low amounts (Nohara et al., 2014;
Moller et al., 2013). Less than half of the predicted radiation-related cancers from the
nuclear weapons testing have yet to occur since the risk from ionizing radiation persists
for many decades after exposure (Simon and Bouville, 2015).
Most 137Cs in the environment comes from the nuclear weapons testing in the mid
20th century during which over 500 weapons were tested (Beck and Bennett, 2002). The
tests conducted in the continental U.S. had low-yields, so the radioactive clouds from the
explosion stayed in the lower portion of the atmosphere and deposited within a few days
(Simon, at al,, 2004). Much of the high-yield testing occurred in the Marshall Islands and
Russia (Figure 1). The radioactive fallout at these sites was able to enter high layers of
the atmosphere, which allowed the fallout to travel long distances since it stayed in the
atmosphere for 1-12 months (Simon, at al,, 2004). The fallout slowly fell to lower parts
of the atmosphere and was eventually deposited onto the continental U.S. through
precipitation, and its spatial distribution on land was mainly determined by wind currents
and the amount of precipitation (Simon, at al,, 2004).
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Figure 1. The main atmospheric nuclear weapons test sites from 1945-1980. The
numbers shown at each site indicate the number of tests followed by the total yield in
megatons of TNT (Simon, at al,, 2006).

The scientific unit for radioactivity is becquerels (Bq), which is the number of
radioactive disintegrations per second (Simon, at al,, 2006). Short-lived radionuclides,
such as 131I, are the focus immediately after a nuclear explosion since they have a higher
activity than long-lived radionuclides. However, the long-lived radionuclides from global
fallout are given greater attention because by the time the fallout from a high-yield test is
deposited onto the ground, the short-lived radionuclides have mostly or completely
decayed. 137Cs is a concerning long-lived radionuclide because it did not decay
significantly before superficial deposition (Simon, at al,, 2006). Global fallout is defined
as initiating from over 3000 km away, which describes all of the deposition in the eastern
6

U.S. (Simon, at al,, 2006). Even though there was no nuclear testing on the East Coast,
137Cs

is now found all across the continental U.S. and may pose continued threats to

humans and their ecosystems (Figure 2).

Figure 2. Estimated 137Cs deposition density (Bq m-2) in the United States from global
fallout (Simon et al., 2004).

Recent studies have shown that trace 137Cs is harmful to organisms and ecosystem
services. The Fukushima Nuclear Power Plant explosion occurred in 2011 and released
extremely high amounts of radioactive fallout into the nearby environment. When
contaminated vegetation was fed to butterfly larvae from a non-polluted area (known as
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the F1 generation), mortality rates increased, and normality rates decreased (Figure 3).
Even though some butterflies survived, they were not necessarily healthy. Various
abnormalities were found in the adult butterflies, such as dented compound eyes and
malformed wings (Figure 4). Butterflies from the F1 generation with no abnormalities
were bred to produce the F2 generation. The biological effects from the first generation
were amplified in the second, signifying a slight genetic inheritance (Nohara et al., 2014).

Figure 3. Effects of the ingested caesium dose on the F1 generation of butterflies. (a)
Mortality rate. (b) Relative normality rate (Nohara et al., 2014).
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Figure 4. Morphological abnormalities in butterflies from the F1 generation indicated by
the red arrows. (d) Malformed wings. (e) Dented right compound eye (Nohara et al.,
2014).

Twenty years after the Chernobyl Power Plant explosion, there were still a
decreased abundance of insects and spiders in the area, even after controlling for soil type
and habitat (Moller and Mousseau, 2009). Increased radiation levels after the explosion
corresponded with less pollinators in the area (Figure 5). A reduced number of pollinators
affects the seed set from plants, and less predators, such as spiders, have effects on
amounts of some prey. Increased albinism and tumors were also found in birds near the
Chernobyl explosion thirty years later (Moller et al., 2013). These animals are important
for ecosystems, and interference could affect the entire ecological community (Moller
and Mousseau, 2009). Increased albinism and tumors were also found in birds near the
Chernobyl explosion thirty years later (Moller et al., 2013).
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Figure 5. Average (+/- standard error) abundance of (a) bumblebees and (b) butterflies
per census point, and (c) average (+/- SE) of apples per tree versus background radiation
near Chernobyl Nuclear Power Plant (Moller et al., 2012).
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137Cs

poses long term threats to humans and ecosystems due to its long half-life

and the tendency for 137Cs to be cycled by plants. 137Cs has a similar charge density to
potassium, which is one of the top six nutrients needed by terrestrial plants. Since K is
essential to plant growth, vegetation will uptake 137Cs in areas with low K concentrations
using the same pathways as K (Figure 6). Different plant species have been shown to
uptake 137Cs at different rates, but there is still an overall decrease in 137Cs uptake as K
increases for various plant species. (Figure 7). Other radionuclides are released during
weapons testing, but they are not cycled by plants, so we don’t see them long after
deposition. Some plants around the U.S. still contain high amounts of 137Cs from the
nuclear weapons testing, shown by the 19 Bq/kg 137Cs found in Floridian honey (Kaste et
al., 2021). Once 137Cs is taken up by vegetation, the 137Cs is dispersed to all parts of the
plant, including the leaves. As winter approaches, the trees absorb the nutrients back from
their leaves before they begin to shed (Forrester, 2019). These nutrients are eventually
used for new vegetation growth, causing the 137Cs from the mid 20th century weapons
testing to still be cycled in vegetation today.
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Figure 6. Dynamics of radioactive Cs between soil and rice plant. The dynamics of
Cs+ in soils was mainly affected by the competition with K+ in the uptake by plants and
the specific adsorption to clay minerals in the soil (Rai and Kawabata, 2020).
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Figure 7. Relationship between K concentration and Cs concentration factor by nine
different plant species. In all the species tested, there is a general decrease in the Cs
concentration factor when the K concentration is increased (Zhu and Smolders, 2000).

The main source of internal radiation exposure to humans is through
contaminated food (Simon, at al,, 2006). The transfer of 137Cs from soil to plants and
eventually the human diet was suggested previously, so the U.S. government conducted
extensive testing of milk for radionuclides in the mid 20th century (Campbell et al., 1959).
131I,

a short-lived radionuclide from the Nevada Test Site, caused an increase in thyroid

cancer rates after children consumed dairy contaminated with the isotope (Gilbert et al.,
2010). Consequences of long-lived radionuclides are more difficult to discover due to the
slower decay rate. Increased cancer risks have been found to be the primary late health
effect in people exposed to radioactive fallout (Simon, at al,, 2006). There has not been
significant research done on the negative implications of nuclear fallout, especially in
humans, so the consequences of this are just recently becoming known.
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Previous research compared 137Cs levels in honey and to milk in the eastern
United States from the mid 20th century. The highest honey 137Cs concentration measured
from Florida in 2018 exceeded any reported monthly milk 137Cs value between 1958 and
2014 (Figure 8), indicating that 137Cs can be highly concentrated in honey compared to
other foods. During this time period, the sampling stations in Florida reported the
highest 137Cs concentrations in milk compared to the rest of the United States. Today,
average Florida honey 137Cs today is significantly higher than average New York area
honey (Figure 8). Median soil K in FL is about 0.1%, compared with 1.3% around NY.
This data shows that plants growing in potassium deficient soils of the southeastern U.S.
are more prone to absorbing 137Cs decades after deposition, and that this contamination is
transferred to foods by animals (Kaste et al., 2021).
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Figure 8. Monthly concentrations of 137Cs in milk measured by the U.S. Public Health
Service Radionuclide Surveillance Program from in Tampa, Florida (red) and New York
City (blue) compared with modern honey from Florida and the New York (Kaste et al.,
2021).

Honey high in 137Cs was typically found in areas with low soil potassium since
plants will uptake 137Cs when there is low K (Figure 9; Kaste et al., 2021). In areas with
low soil potassium, 137Cs can be cycled in vegetation; however, soil potassium alone
doesn't consistently predict the 137Cs content of plants. I hypothesize that local geology
more broadly influences the cycling of 137Cs by vegetation and ultimately controls
potassium concentrations, clay mineralogy, and landscape factors such as slope and
relief.
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Figure 9. The effect of soil K on the 137Cs transfer factor on log normalized data and
power function fit and r2 adjusted for multiple comparisons (p = 10−10.9). Uncertainty on
this scaling is controlled by soil K variability in each county, shown as one standard
deviation of the mean. Honey with undetectable 137Cs are assigned half of the detection
limit (0.015 Bq kg−1) for the transfer factor calculation and statistical testing (Kaste et al.,
2021).

Geologic Background
The eastern U.S. is home to millions of people, and unfortunately, received
relatively high amounts of 137Cs deposition due to wind patterns and precipitation
(Simon, at al,, 2004). Thirty-six hours after a nuclear bomb test in Nevada in 1953, a
severe thunderstorm struck Troy, NY. Following this storm, drinking water reservoirs
had levels of radiation 100 times higher than normal (Clark, 1954). After deposition,
137Cs

was dispersed through soil, biota, water, and the food chain. The eastern United

States has different soils and climates in the north and south, which is driving the current
137Cs

trends we see today.
An area’s soil profile is determined by many factors, including climate, relief,

time, organic matter, and parent material, which is why different areas of the United
States have very diverse soils. The southeastern U.S. has high precipitation, which
weathers the relatively old, flat soils there. Rainfall leaches potassium and other rockderived nutrients from soils (Chadwick et al., 1999). The northeastern U.S. is composed
of relatively young soils and exposed Appalachian bedrock from the recent glaciation.
Since these soils are much younger, they contain higher amounts of potassium (Johnson
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et al., 1968). The changes in climate from north to south contribute to a gradient of
potassium on the East Coast (Figure 8). This change in potassium causes an inverse
change in 137Cs in the same area, shown by honey samples tested for 137Cs (Kaste et al.,
2021). Therefore, as 137Cs concentrations in soil increase, K typically decreases, and vice
versa (Kaste et al., 2021).
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Figure 8. 137Cs activity in honey in the eastern United States. (a) Detectable 137Cs in
honey mapped with 20th century Cesium deposition to soils. (b) Circles showing relative
magnitude of 137Cs concentration in honey (Kaste et al., 2021).

Clays are layered silicate minerals that are normally produced as a product of
chemical weathering of rocks or other minerals rich in potassium and aluminum, such as
feldspars (Gray and Murphy, 1999). In temperate climates, clays are an important
component of soils since they are able to hold water and dissolved nutrients for plants
(Churchman, 2018). One major function of clays is to provide potassium to plants and
microbes in the soil. Potassium is typically a limiting nutrient for plants, so most of the
potassium in soil is supplied by clay minerals (Churchman, 2018), and often derived from
the weathering of feldspars.
Clay minerals are composed of tetrahedral and octahedral sheets in repeating
layers. They are classified as a 1:1 or 2:1 clay, depending on how these sheets combine
(Lee et al., 2017). A 1:1 clay is alternating tetrahedral and octahedral sheets, while a 2:1
clay is an octahedral sheet sandwiched between two tetrahedral sheets. When these
tetrahedral and octahedral sheets combine, there are extra oxygen atoms from the
tetrahedral sheets, creating a negative charge between the TOT layers (Lee et al., 2017).
These layers are repelled from each other due to the negative charge, which creates an
interlayer site that commonly holds water and other cations (Lee et al., 2017). A 2:1 clay
consists of an octahedral sheet in between two tetrahedral sheets. Illite is a 2:1 clay with
potassium in its interlayer sites to balance out the negative charge from the TOT layers
(Lee et al., 2017). Since 137Cs has a charge density similar to potassium, illite can absorb
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137Cs

when there is low potassium (Rai and Kawabata, 2020). When clay minerals are

chemically weathered, they become less layered. Therefore, very little illite is present in
the southeastern United States due to the high amounts of leaching (Kaste et al., 2021).
Clay and humus are negatively charged, and they have cation exchangeable sites
on their edges (Figure 9). Cesium strongly attaches to the frayed edge sites of illitic clays
in soil due to their slight negative charge (Rai and Kawabata, 2020). The adsorption of
137Cs

to illite’s edges is more than 1000 times greater than that for potassium, and it is

almost irreversible due to its significant strength (Rai and Kawabata, 2020). Soils lacking
illite have much higher 137Cs availability for plant uptake because there are less
negatively charged sites in the soil for the 137Cs to strongly attach to. 137Cs concentrations
tend to be highest in the upper 0-3 cm of a soil profile, then decrease rapidly with depth
(Szabó et al., 2012). 137Cs can remain concentrated in the top portion of soil for years,
thereby restricting land use, such as for agriculture (Yasunari et al., 2011).

Figure 9. Cs activity in soil. Cs is absorbed into soil similarly to K and Ca, which is
through negative charges on organic substances. These cations are exchangeable with
other cations. Cs that is not yet absorbed into the soil is able to exchange readily with
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some of these cations, such as K. Potassium is also found in the interlayer sites of illitic
clays, which can exchange with Cs overtime, placing Cs in some of these interlayer sites
(Rai and Kawabata, 2020).

The geologic provinces of the United States are divided based on similar
landforms, which have similar geologic histories (Fenneman, 1917). The distinctions
between provinces are mainly due to the differences in the bedrock, so many of the
boundary lines of physiographic provinces are also geologic lines (Fenneman, 1917). The
Coastal Plain is one of the largest and youngest geologic provinces in North America
containing many sedimentary rocks in flat layers that were deposited in shallow marine
environments. The Piedmont lies to the west of Coastal Plain and is composed of
weathered igneous and metamorphic rocks. Even further west is the Blue Ridge province,
known for extremely high elevations and greatly deformed metamorphic rocks. The
bedrock is very different in these provinces, meaning that their soils could have very
different characteristics.
The geology of the eastern United States is extremely variable, as is honey 137Cs.
While soil K appears to be a first order control on 137Cs cycling, it is an imperfect
predictor. Areas such as southeastern Tennessee have high soil K, but many honey
samples high in 137Cs. Since soil K only explains 35% of the variability in honey 137Cs,
there are other factors that should explain the other 65%. There is extremely variable
geology in the eastern U.S. and variable honey data, so I hypothesize that local geology
more broadly controls 137Cs by plants, which is influenced by plant available potassium
in soil, clay mineralogy, and landscape factors such as slope, relief, and elevation. For
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example, we would expect that plants growing on quartzite have high cycling due to low
K and low illite expected.

Methods
I collected terrestrial vegetation and O Horizon samples from various sites in
order to explain the relationship between local geology and 137Cs cycling in vegetation.
The O Horizon was collected since 137Cs is typically concentrated in the upper 3 cm of
soil. I sampled in three areas: southeastern Tennessee, the College Woods in eastern
Virginia, and West Virginia. All the sampling sites will be as undisturbed as possible
since human influence can alter the soil profile. Southeastern Tennessee had high 137Cs
concentrations in honey, but medium to high soil K, so this was an area of interest. Here,
I sampled at four sites, which I found by using USGS bedrock and chemical weathering
data in ArcGIS. The bedrock was the primary factor of interest since this is an important
determinant in the soil profile characteristics. The USGS data describes the major and
minor rock components of each unit. I wanted to sample on bedrocks expected to contain
very little illite so that 137Cs uptake in vegetation would be greatest.
The bedrock units sampled in Tennessee have main components of: dolostone,
quartzite, conglomerate, and graywacke (Figure 10). These rock types have low
potassium and are not feldspar-rich, so finding illite should be unlikely. Since illite is a
common product of chemical weathering, the sampling sites also have low amounts of
chemical weathering (Dicken and Hammarstrom, 2020). Dolostone, quartzite, and
conglomerate sites were located on Gee Creek Trail near Delano, TN (Figure 11). The
graywacke site was located on Rock Creek Trail near Erwin, TN (Figure 12).
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Figure 10. The four Tennessee sampling sites on dolostone, quartzite, conglomerate, and
graywacke bedrock (Horton, 2017).
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Figure 11. The three sampling sites on Gee Creek Trail. Main bedrock component is
indicated by color: dolostone (red), green (quartzite), and yellow (conglomerate) (Horton,
2017).

Figure 12. The graywacke site on Rock Creek Trail (Horton, 2017).
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I collected organic matter three times at each site by sawing around a wooden
square to keep surface constant. At each site, we visually determined the dominant
flowering plant species. I collected the leaves, and flowers if present, from these species
at the site using scissors or a 4 m pole pruner (Figure 13). I sealed all of the vegetation
and soil samples in airtight plastic bags after collection. I chose the sites based off of
honey 137Cs, so I only collected flowering plants since bees would pollinate these
flowers. I used scissors to cut leaves off of the smaller shrubs and a pole pruner to cut
leaves from higher up. I collected leaves from at least 2-3 different individual plants each
time and sampled approximately 4-5 different types of plants at each site. I also collected
stem, branch, and tree bark samples for some unknown species to assist in identification.
Of the four TN sampling sites, most only contained organic material sitting atop the
bedrock. At the sites with more soil horizons, I used a soil auger to examine the soil
profile and collect the horizons shown.
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Figure 13. Collecting leaves at the College Woods using lawn shears.

The College Woods in Williamsburg, VA lies on unconsolidated Coastal Plain
sediment (Figure 14; Horton, 2017). I collected vegetation using the same methods as in
Tennessee, and the site’s O horizon was previously collected and analyzed for 137Cs
(Olagbegi, 2018). The elevation and slope at the College Woods were 25 m and 0.04. A
previous study had vegetation and organic matter samples for three sites at Mount Porte
Crayon, WV on sandstone bedrock (Figure 15a). These elevations were much higher:
1415, 145, and 1370 m and the slopes were relatively similar: 0.07, 0.18, 0.06,
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respectively (Figure 15b). The 137Cs in the O horizons and foliage had already been
determined using the same collection and gamma spectrometry methods.

Figure 14. Sampling site in the College Woods on unconsolidated coastal plain sediments
(Horton, 2017).
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Figure 15a. West Virginia site on sandstone bedrock (Horton, 2017).
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Figure 15b. A closer view of the West Virginia site. Elevation and slope for each site
from left to right are: 1415 m, 0.07; 1425 m, 0.18; and 1370 m, 0.06.

The vegetation and organic matter samples from Tennessee and the College
Woods were wet after collection, so I left them to air dry for three weeks. I ground each
sample in a Thomas Wiley mill, which I cleaned between samples (Figure 16). I packed
the milled samples into 40 mL Falcon petri dishes, or 25 mL dishes if there was not
enough material to densely pack the initial petri. The mass of the empty petri dish was
subtracted from the mass of the packed sample, so each sample mass is known and
measured in air dried grams. I gamma counted these samples on Canberra Broad Energy
(BE5030) intrinsic germanium detectors that were shielded with lead and lined with
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copper. I counted each sample for a minimum of 24 hours, and some samples were
counted over the weekend. 137Cs activity was measured at 662 keV. The detector
measures ‘counts’ and calculates a net peak (Figure 17) for 137Cs by subtracting the
region of interest, 661-663 keV, from the background near the region. The gamma
spectrum of each sample was processed with Genie Gamma Analysis Software, and then
exported into an excel template for calculations. I calculated net counts/sec/kg by
dividing the net counts of the 137Cs peak by the active seconds the sample was in the
detector and the sample mass.

Figure 16. Grinding vegetation samples into the Thomas-Wiley mill.
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Figure 17. 137Cs peak at 662 KeV for a soil sample from site Q. Counts are on the y-axis
and energy (keV) is on the x-axis.

Becquerels per kilogram are the units used to describe radioactivity in this study.
A becquerel is one nuclear decay of a given isotope per second. The detector efficiency
for photon measurements at 662 keV is 4.9% for a 40 mL geometry, and the gamma
emission probability for 137Cs is 85.1%. I calculated the decays per second per kg of
sample mass (Bq/kg) for 137Cs by dividing counts/sec/kg by the detector efficiency and
gamma emission probability. There is always background noise in a gamma spectrum, so
it is possible to get a negative signal for samples with low to zero 137Cs, which I recorded
as ‘undetected.’
I tested the O horizons and mineral soils for plant available potassium. A previous
study has revealed that higher soil K correlates with lower 137Cs in honey, but it is an
imperfect predictor, as shown by an r2 of 0.35 (Kaste et al., 2021). This could be due to
potassium being in the soil but not available for plant use. I determined the amount of soil
plant available K residing on the soil colloid exchange sites by displacement with
ammonium acetate solution (Gavlak et al., 1994). I mixed the dry soil samples with
30

NH4OAc extraction solution and placed them on a mechanical shaker for 30 minutes.
After filtering the samples, I determined potassium cation concentrations using ICP-AES,
and results are expressed as cmol(+)/kg soil. Each set of samples tested for plant
available K had two duplicates, and I compared the values to test the replicability of this
experiment. The reproducibility duplicate samples was greater than 95%, which indicates
that this is a reliable method for testing plant available potassium.
At each site, GPS coordinates were recorded in Avenza Maps. Elevation and
slope for each site were found using these coordinates in Google Earth. Slope was found
by drawing transects of approximately 60 meters and calculating the gradient along this
line. The steepest gradient at each site was recorded for slope.
Cation exchange capacity is a soil’s measure of negatively charged surfaces and
expresses the potential available nutrients in a soil (Ohioline, 2022). This is the sum of
the base cations (Ca2+ + Mg2+ + K+ + Na+) plus acid cations (H+ + Al3+ + NH4+) in a soil
(Ohioline, 2022). The CEC of organic soils is typically higher due to the negative sites on
organic matter, with most organic soils being at least 50-100 cmol/kg (Ohioline, 2022). I
only measured base cations of my soils, so I used these to estimate cation exchange
capacity.

Results
The 137Cs in vegetation across all sites is extremely variable, with values ranging
from 58.9 Bq/kg to undetected, a difference of almost 600 times (Figure 19). Quartzite
bedrock and unconsolidated Coastal Plain sediments have the lowest vegetation 137Cs, but
each site has variable 137Cs concentrations depending on the plant species sampled. Of
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the 26 samples tested, four have undetectable 137Cs, and the lowest detectable sample was
Tulip Poplar on graywacke bedrock with 0.1 Bq/kq 137Cs. The vegetation growing on
sandstone in West Virginia has significantly higher 137Cs concentrations than the other
sites.

Ranked Distribution of 137Cs in Vegetation (n = 26)
60

137Cs

(Bq/kg)

50

40

30

20
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6
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Rank
Figure 19. A ranked distribution of vegetation 137Cs, ranging from 58.9 Bq/kg to
undetected. A line at 2.5 Bq/kg is shown since this level of exposure has been found to
harm pollinating insects. 22/26 samples have detectable 137Cs, and 9/26 samples have
137Cs

higher than 2.5 Bq/kg.

Across this gradient of soil parent material in Tennessee, average O Horizon
concentrations of 137Cs ranged from 3.28 Bq/kg at the College Woods to 61.6 Bq/kq on
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Quartzite bedrock. Within each site, all soil 137Cs fell between 1.5 standard deviations of
its mean, indicating fairly consistent measurements. The College Woods sampling site
lies on top of unconsolidated detrital sediment. This site had the lowest soil 137Cs, and
only one sample (American Beech) had detectable 137Cs at 0.6 Bq/kg.
Normalizing 137Cs in vegetation by the soil 137Cs gives us a good metric of
uptake. This was done by dividing the plant sample 137Cs by the average soil 137Cs at that
site. This ratio is expected to be similar for plants of the same species; therefore,
differences in sample data should be from geologic controls in the area. I sampled Tulip
Poplar on conglomerate, graywacke, and quartzite bedrocks with 137Cs concentrations of
1.2, 0.1, and 0.5 Bq/kq, respectively. However, the uptake percentage of Tulip Poplar at
these sites is 3.0%, 1.4%, and 0.8%, decreasing the variability in values from 12 times to
3.8 times. I calculated the ratios for the College Woods samples using my vegetation
137Cs

and the previous O Horizon 137Cs measurements. I created this ratio to examine

how much of the available 137Cs in the organic matter is taken up by vegetation. The
vegetation to soil ratio shows that 137Cs uptake on quartzite bedrock is the lowest and
least variable (Figure 20). This is due to the low 137Cs in vegetation combined with the
relatively high 137Cs in the soil. Sandstone bedrock in West Virginia has the highest
uptake percentages.

33

137Cs

Vegetation to Soil Ratio

Sandstone

Lithology

Unconsolidated
Quartzite
Graywacke
Dolostone
Conglomerate

0%

10%

20%

30%

40%

50%

60%

70%

80%

Vegetation/Soil
Figure 20. Box and whisker plot showing the uptake percentages on each lithology.

Plant available potassium is the amount of potassium readily available for plants
to uptake. In the organic matter from each site, the results ranging from 0.13 – 0.22
cmol(+)/kg soil (Figure 21). This is about a twofold difference across all sites, while
vegetation varied by 600 times. This indicates that a small change in plant available K
can greatly influence the 137Cs taken up by vegetation.
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Figure 21. Average plant available potassium results for each site. Results ranged from
0.13 – 0.22 cmol(+)/kg soil.

I hypothesized that sites with higher slopes would have less soil 137Cs since there
is more erosion of the O Horizon, where much of the 137Cs is found. However, when I
plotted soil 137Cs against slope with a linear trendline, I got an r2 of 0.01, indicating no
relationship between these two variables (Figure 22). In addition to the lower plant
available potassium producing high vegetation 137Cs in West Virginia, another cause
could be the extremely high elevation caused this area to capture much more fallout.
High elevation areas during the Chernobyl explosion caused this to occur there (Lettner
et al., 2006). When I plotted average 137Cs uptake per site versus elevation, I found an r2
of 0.58 with a linear trendline (Figure 23). This indicates a moderate relationship between
137Cs

uptake and elevation; however, we do not have a wide range of elevation values. I
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do not have sites with elevations between 500 and 1350 m, which leaves a large gap in
the middle of my scatterplot. It would also be useful to have elevations higher than 1450
m, to see if this linear trend continues into much higher elevations.

Soil 137Cs vs. Slope
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Figure 22. Soil 137Cs in Bq/kg versus slope. R2 = 0.01, indicating no relationship between
soil 137Cs and slope.
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Average Uptake vs. Elevation
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Figure 23. Uptake vs elevation in meters. R2 = 0.58, indicating a moderate relationship
between soil 137Cs and slope.

Discussion
Widespread evidence of 137Cs cycling in vegetation is found in Tennessee,
Virginia, and West Virginia. Some samples came back undetected, but each site has at
least one sample containing 137Cs. Spruce on sandstone bedrock has the highest 137Cs of
58.9 Bq/kg. The West Virginia sites showed extremely high 137Cs in vegetation, ranging
from 7.0 - 58.9 Bq/kg, which is significantly higher than any of the samples from
Tennessee or Virginia. By comparing the ratio of 137Cs in plants to soil, I found
vegetation on Quartzite bedrock shows almost no 137Cs uptake, with most values <1%.
Vegetation on sandstone bedrock has the highest with a median of 40.9%.
Across all sites, there is a degree of variability in the vegetation 137Cs. One trend
in my data that is consistent with previous studies is that vegetation generally take up less
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137Cs

when there is sufficient potassium available (Zhu and Smolders, 2000). Many

studies have shown that vegetation can uptake 137Cs unintentionally when roots are
seeking potassium (Sanchez et al., 1999; White and Broadley, 2000). The similar
oxidation state and ionic radii cause roots to have a difficult time distinguishing the two
ions. Once plants uptake 137Cs, it moves throughout the entire plant where it is
incorporated into new leaf growth (Zhu and Smolders, 2000). The uptake of 137Cs and
then removal via leaf shedding or reabsorption back into the plant has altered the initial
depositional tendencies of 137Cs (Zhu and Smolders, 2000).
Plant available potassium is possibly the most important factor affecting 137Cs
uptake, and my comparison of 137Cs uptake in vegetation and plant available K show that
increasing plant available K typically corresponds with decreasing 137Cs uptake. Soil K
plotted against the 137Cs transfer factor in honey on a power function fit produces an r2 of
0.35 (Kaste et al., 2021). When I plotted my plant available potassium results against the
average uptake percentage for each site using a linear fit, I got an r2 of 0.44 (Figure 24).
Each West Virginia and Tennessee site was plotted individually, so there are eight sites
used in this analysis. One of the West Virginia sites has the highest uptake percent, and
the quartzite bedrock has the lowest. This suggests that plant available K is a more
reliable indicator of 137Cs uptake than soil K by predicting an additional 9% of the
variation in data.
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Plant Available K vs. Uptake Percentage
Plant Available K (cmol(+)/kg soil)

0.025
0.02
0.015
y = -0.0083x + 0.0194
R² = 0.4428

0.01
0.005
0
0%

20%

40%

60%
80%
Uptake Percentage

100%

120%

Figure 24. Average plant available K plotted against average uptake percentage for each
site. I plotted the three West Virginia and four Tennessee sites individually. Plotting a
linear trendline gives r2 = 0.44.

I hypothesized quartzite bedrock would have vegetation with highest 137Cs due to
the low potassium expected in quartzite bedrock. However, vegetation on the quartzite
showed almost no uptake (<1%) even though there was sufficient soil 137Cs, some the
highest across all sites. The quartzite bedrock sampled was 0.42% K, but this site has
some of the highest plant available K of all the sites. This indicates that a small amount of
potassium can affect uptake or that there is another source of potassium in the soil other
than bedrock, such as atmospheric deposition. It is also unexpected that the soil on such a
steep slope has extremely high (61.6 Bq/kg) 137Cs, since I would expect most of the upper
O Horizon, which is where 137Cs is found, to be eroded away. Plotting slope against soil
137Cs

produced an r2 of 0.0064, indicating no significant relationship.
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Vegetation 137Cs was variable at each site. Assuming the geologic controls are the
same within each site, any variation of the data is evidence of a biological control. At one
of the West Virginia sites on sandstone bedrock, a spruce had 7.7 Bq/kg 137Cs and a
rhododendron had 54.9 Bq/kg 137Cs (Figure 23). On conglomerate bedrock in Tennessee,
hemlock, tulip poplar, and rhododendron showed values of 5.67, 1.2, 1.6 Bq/kg 137Cs,
respectively (Figure 25). Previous research has found evidence of a genetic difference in
137Cs

uptake between plant species, which is amplified in low K environments (Zhu and

Smolders, 2000). The West Virginia site contains the most variable foliage 137Cs and the
lowest plant available K, which supports this finding. Functional differences across plant
families also cause variations in 137Cs uptake (Broadley and Willy, 1997). Even when
different plant species are exposed to the same concentration of 137Cs, the uptake differs
from species to species (Soudek et al., 2004).
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Figure 25. Vegetation 137Cs on sandstone and conglomerate bedrock.

Vegetation and soil were previously collected in similar area of the College
Woods, and these vegetation 137Cs values ranged from 2.0 – 5.5 Bq/kq (Volante, 2020). I
sampled extremely close to this location, but most of my samples have undetectable or
very low (0.6 Bq/kg) 137Cs. American Beech and Sourwood were sampled in both
locations, but my samples had uptake ratios of 18.3% and 0.0%, compared to Volante’s
50.5% and 33.3% (Figure 26). I collected my vegetation in the fall, whereas Volante
sampled in the summer. Previous research has found that seasonality affects 137Cs uptake,
as 137Cs concentration and variability in branches tends to decrease from the spring to
winter months (Figure 27).
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Figure 26. Uptake percent versus plant type for Sourwood and American Beech. The
samples collected in the fall are shown in blue, and summer is shown in orange.
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Figure 27. Normalized 137Cs activity concentrations in current-year branches (Sakashita
et al., 2021).

Cation exchange includes base and acidic cations and is higher in organic soils. I
only measured the base cations in the O horizons, so it was difficult to calculate the true
cation exchange capacity. The CEC values for all eight sites fell below 3.5 cmol/kg
(Figure 28). Since the values are much less than the expected 50 cmol/kg for organic soils
(Ohioline, 2022), I don’t expect these values to be very accurate representations of CEC.
However, based on this data, the sandstone’s O Horizon had much lower total CEC than
the other sites, approximately eight times lower than the highest value. This could
indicate that the CEC is much lower here, or that base saturation is lower since we only
measured base cations.
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Figure 28. Total cation exchange capacity in cmol(+)/kg soil for all eight sites.

The amount of 137Cs in many of these vegetation samples is a cause for concern.
Leaves with as little as 2.5 Bq/kq 137Cs can decrease the survival rate of butterflies who
ingest them and cause abnormalities in the ones that survive (Nohara et al., 2014). With
higher concentrations, survival rates decrease even further, and abnormalities increase. I
collected 26 foliage samples, and 9 are above this 2.5 Bq/kg 137Cs threshold. The four
highest samples are all from West Virginia containing 58.9, 54.9, 47.8, and 28.5 Bq/kg
137Cs.

These values are over 20 times higher than the 2.5 Bq/kg shown to affect

pollinators, indicating that pollinating insects feeding off vegetation in this area are at risk
for decreased survival and mutations. Butterflies and other pollinators are easily affected
by small concentrations due to their small size, but these extremely high 137Cs
concentrations may be high enough to cause harm to larger species as well.
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While 2.5 Bq/kq 137Cs has been found to increase the mortality rate in butterflies,
other studies disagree with this threshold. A study examining the effect of 137Cs on
bumblebee reproduction argues that insects experience negative consequences from this
ionizing radiation above 40 µGy h-1, which is at least 100 times above 2.5 Bq/kg (Raines
et al., 2020). Since there is conflicting information on how vegetation containing less
than 60 Bq/kg 137Cs affects insects, pollinators in the West Virginia area could have been
unaffected by this radiation. It is also suggested that this dose-dependent response in
insects is not linear, and the effects of increased doses of radiation becomes less
significant at higher magnitudes (Raines et al., 2020). More research with a wide range of
radiation levels must be done in order to understand this relationship fully.

Conclusions
The long half-life, global prevalence, and high thresholds in certain areas of 137Cs
is a concern. Plant available potassium is a very important factor in vegetation uptake of
137Cs.

Increased plant available potassium in soils typically had overlying vegetation low

in 137Cs, and soils with sandstone bedrock typically had high 137Cs in vegetation. Plant
available K is much less variable than 137Cs in vegetation, possibly indicating that a small
change in plant available K can greatly change the 137Cs found in vegetation.
Quartzite bedrock had the lowest (<1%) 137Cs in vegetation while sandstone had
the highest (40.9%). This difference can partially be explained by the difference in plant
available potassium. Plant available potassium is a better control on 137Cs uptake in
vegetation than soil potassium, shown by an r2 of 0.44 rather than 0.35. In addition to the
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geological controls examined, there is also evidence of a biological control, which could
be due to plant type or fungal hyphae on the plant roots. By comparing samples from the
College Woods in Virginia, a seasonal variation in 137Cs was found. Slope, surprisingly,
does not predict soil 137Cs, shown by an r2 of 0.01. Elevation has a moderate correlation
with 137Cs uptake in vegetation, shown by an r2 of 0.58.

Future Work
A suitable next step in this study would be to find sites with different bedrock
types, but the same dominant plant species so that we could account for the biological
control. This would be extremely helpful in finding out which factor plays the most
important role in determining vegetation 137Cs since plant type would no longer be a
variable between sites. Additionally, making sure that vegetation is collected during the
same season and weather pattern would be helpful as well. Paul Volante and I both
sampled vegetation in nearby College Woods sites with the same bedrock, but his
samples had almost 10 times as much 137Cs than mine. I expect controlling this study
with season and plant types would decrease 137Cs variability, and the same bedrock
would have more consistent vegetation 137Cs.
Since 137Cs concentrations as low as 2.5 Bq/kq can cause harm to butterfly
populations, the West Virginia vegetation should be studied further. These concentrations
are over 20 times higher than this threshold, indicating that species larger than butterflies
could be at risk. Elevation could have contributed to the results we are seeing across sites
in addition to plant available potassium; however, we have an inconsistent range of
elevations in our data. There are no sites with elevations between 500 and 1300 meters,
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or above 1450 meters. More data points would further explain the relationship between
elevation and uptake.
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Appendix
Site

GPS Coordinates
Bedrock
Slope Elevation (m)
35°14'51.0''N,
Conglomerate
0.27
454
84°31'18.7''W
35°14'50.7''N,
Dolostone
0.09
323
84°32'11.3''W
Tennessee
35°51'28.2''N,
Graywacke
0.1
463
86°39'32.4''W
35°14'43.6''N,
Quartzite
0.4
394
84°31'51.6''W
College Woods,
37°16’02.8”N,
Unconsolidated Coastal
0.04
25
VA
79°43’47.5”W
Plain sediment
38°55’22.93”N,
0.07
1415
79°27’24.62”W
Mount Porte
38°55’24.54”N,
Sandstone
0.06
1370
Crayon, WV
79°24’17.12”W
38°55’42.74”N,
0.18
1425
79°25’57.88”W
39°3’11.02”N,
Dolly Sods, WV
Sandstone/Conglomerate 0.05
1242
79°18’34.74”W
Blue Quartz Hill,
37°46’56.5”N,
Sandstone
0.07
305
VA
78°59’34.54”W
Table 1. Site information, including GPS coordinates, bedrocks sampled, slope, and
elevation. Only the Tennessee, Virginia, and Mount Porte Crayon, West Virginia sites are
used in this study. Dolly Sods, WV and Blue Quartz Hill, VA are excluded due to
minimal samples.
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137Cs (Bq/kg) Uptake
Plant Type
Hemlock
5.67
14.4%
Conglomerate
Tulip Poplar
1.2
3.0%
Rhododendron
1.6
4.1%
Blackgum
0.5
4.4%
Chestnut Oak
0.91
8.1%
Dolostone
Maple
3.86
34.2%
Sassafras
1.9
16.8%
Black Birch
2.73
38.6%
Tennessee
Graywacke
Maple
1.49
21.1%
Tulip Poplar
0.1
1.4%
Blackgum
undetected
0.0%
Hickory
0.76
1.2%
Rhododendron
0.16
0.3%
Quartzite
Tulip Poplar
0.48
0.8%
False VA Creeper
0.1
0.2%
Sweetgum
0.7
1.1%
Tulip Poplar
0.6
18.3%
Sourwood
undetected
0.0%
Unconsolidated
College Woods, VA
Coastal Plain
Beech
undetected
0.0%
sediment
Holly
undetected
0.0%
mixed litter
0.8
24.4%
Spruce
47.8
60.2%
Spruce
28.5
35.9%
Mount Porte Crayon,
Sandstone
Spruce
7.72
6.4%
WV
Rhododendron
54.9
45.9%
Spruce
58.9
104.1%
Dolly Sods, WV
Sandstone
Blueberry
2.9
Blue Quartz Hill, VA
Beech sapling
undetected
0.0%
Table 2. Vegetation 137Cs and uptake ratios. The blueberry sample from Dolly Sods, WV

Site

Bedrock

does not have an uptake ratio since there is no soil sample at this site.
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Site

137Cs

Bedrock
Conglomerate

Dolostone
Tennessee
Graywacke

Quartzite
College Woods,
VA

(Bq/kg)
18.5
42.8
57.2
7.8
11.1
15
3.1
11
7.1
63
56.7
65.1

Unconsolidated Coastal Plain
sediment

3.28

Sandstone

85.7
87.0
65.7
169.6
69.9
43.3
47.2
79.1

Mount Porte
Crayon, WV

Table 3. Soil (O Horizon) 137Cs.
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Average 137Cs
(Bq/kg)
39.5

11.3

7.1

61.6
3.28
79.5
120
56.6

Bedrock

Soil
Horizon

Quartzite

Graywacke

Dolostone

O

Conglomerate

Unconsolidated
sediment
A

O
Sandstone (1)
MS

O
Sandstone (2)
MS

Sandstone (3)

O

Sample
1
2
3
3
1
2
3
3
1
2
3
3
1
1
2
3
1
1
2
3
2
3
3
1
2
3
2
2
3
1
1
2
3
1
2
3
1
2
2
3

K+
(cmol/kg)
1.33E-02
3.08E-02
2.10E-02
2.20E-02
2.45E-02
1.98E-02
2.12E-02
2.03E-02
8.80E-03
1.33E-02
1.66E-02
1.59E-02
1.13E-02
1.09E-02
1.08E-02
1.78E-02
2.00E-02
2.00E-02
1.31E-02
1.56E-02
6.14E-04
5.14E-04
3.63E-04
1.83E-02
1.33E-02
1.18E-02
1.33E-02
8.15E-03
6.66E-03
1.33E-02
1.33E-02
1.44E-02
2.07E-02
2.56E-03
3.08E-03
1.33E-02
1.19E-02
1.33E-02
1.33E-02
1.33E-02
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Ca2+
(cmol/kg)
2.38E-01
2.38E-01
2.37E-01
2.37E-01
9.31E-02
6.13E-02
5.34E-02
5.09E-02
5.11E-02
7.05E-02
6.71E-02
6.99E-02
1.63E-01
1.55E-01
1.13E-01
2.01E-01
1.81E-01
1.97E-01
2.07E-01
2.30E-01
5.37E-03
7.88E-03
6.08E-03
9.63E-03
4.79E-03
3.78E-03
0.00E+00
2.49E-03
3.97E-02
2.58E-02
2.59E-02
1.83E-02
2.03E-02
0.00E+00
0.00E+00
0.00E+00
4.17E-03
7.53E-03
6.12E-03
4.37E-03

Na+
(cmol/kg)
5.99E-04
9.28E-04
2.00E-03
2.23E-03
1.78E-03
2.80E-03
1.26E-03
1.31E-03
1.61E-03
1.50E-03
7.88E-04
9.64E-04
1.06E-03
1.01E-03
1.26E-03
1.32E-03
4.67E-04
4.92E-04
3.59E-04
3.82E-04
0.00E+00
0.00E+00
0.00E+00
1.54E-03
1.29E-03
2.09E-03
1.14E-03
1.25E-03
2.52E-03
5.91E-03
5.28E-03
1.99E-03
2.55E-03
8.34E-04
6.81E-04
2.92E-04
3.44E-03
1.48E-03
1.66E-03
2.28E-03

Mg2+
(cmol/kg)
8.36E-02
1.07E-01
7.70E-02
7.46E-02
3.38E-02
2.59E-02
2.33E-02
2.26E-02
1.35E-02
1.72E-02
2.20E-02
2.16E-02
4.08E-02
3.95E-02
3.71E-02
3.09E-02
7.02E-02
7.24E-02
7.67E-02
8.76E-02
2.50E-03
2.28E-03
1.49E-03
9.39E-03
7.30E-03
7.21E-03
2.86E-03
3.73E-03
3.18E-03
2.28E-02
2.63E-02
1.32E-02
1.41E-02
1.92E-03
2.15E-03
1.39E-03
8.01E-03
6.41E-03
6.22E-03
4.99E-03

MS

1
2
3

1.33E-02
1.33E-02
1.63E-03

0.00E+00
1.18E-03
0.00E+00

1.39E-03
2.77E-03
1.65E-03

2.72E-03
3.49E-03
9.87E-04

Table 4. Plant available potassium, calcium, sodium, and magnesium results for each soil
sample. Units are cmol(+)/kg soil. MS = mineral soil. Two or three samples were taken at
each site, represented by the sample numbers. Identical sample numbers indicate the
duplicate samples to test for reproducibility.

Bedrock
Quartzite
Graywacke
Dolostone
Conglomerate
Unconsolidated
Coastal Plain
sediment

K+
(cmol/kg)
2.19E-02
2.17E-02
1.28E-02
1.33E-02

Ca2+
(cmol/kg)
2.38E-01
6.88E-02
6.34E-02
1.57E-01

Na+
(cmol/kg)
1.21E-03
1.96E-03
1.33E-03
1.21E-03

Mg2+
(cmol/kg)
8.87E-02
2.76E-02
1.75E-02
3.61E-02

Total CEC
(cmol/kg)
3.50E-01
1.20E-01
9.50E-02
2.08E-01

1.63E-02

2.09E-01

4.07E-04

7.85E-02

3.04E-01

1.45E-02
6.07E-03
1.64E-03
7.96E-03
3.01E-02
Sandstone
1.61E-02
2.15E-02
3.38E-03
1.73E-02
5.83E-02
1.28E-02
5.12E-03
2.43E-03
6.44E-03
2.68E-02
Table 5. Average plant available potassium, calcium, sodium, and magnesium in the O
Horizon for each site. Total cation exchange capacity is the sum of the four cation
concentrations at each site. Units are cmol(+)/kg soil.
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Bedrock
Quartzite
Graywacke
Dolostone
Conglomerate
Unconsolidated
sediment

K+
(cmol/kg)
0.219
0.217
0.128
0.133

Ca2+
(cmol/kg)
2.379
0.688
0.634
1.572

Na+
(cmol/kg)
0.012
0.020
0.013
0.012

Mg2+
(cmol/kg)
0.887
0.276
0.175
0.361

Total CEC
(cmol/kg)
3.497
1.200
0.950
2.078

0.163

2.086

0.004

0.785

3.038

0.145
0.061
0.016
0.080
0.301
Sandstone
0.161
0.215
0.034
0.173
0.583
0.128
0.051
0.024
0.064
0.268
Table 6. Average potassium, calcium, sodium, and magnesium in the O Horizon for each
site. Total cation exchange capacity is the sum of the four cation concentrations at each
site. Units are cmol(+)/kg soil.

Bedrock
Quartzite
Graywacke
Dolostone
Conglomerate
Unconsolidated
Coastal Plain sediment

K+
6.2%
18.1%
13.4%
6.4%

Ca2+
68.0%
57.4%
66.7%
75.7%

Na+
0.3%
1.6%
1.4%
0.6%

Mg2+
25.4%
23.0%
18.4%
17.4%

5.3%

68.7%

0.1%

25.8%

48.0%
20.1%
5.4%
26.4%
Sandstone
27.7%
36.9%
5.8%
29.6%
47.8%
19.1%
9.1%
24.0%
Table 7. Proportion of each cation relative to total cation exchange capacity.

Bedrock
Quartzite
Graywacke
Dolostone
Conglomerate
Unconsolidated Coastal Plain sediment
Sandstone
Table 8. Soil profile information.

Soil Horizons Observed
O
O, A
O, A, E, B
O
O, A, E, B
O, mineral soils
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